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(57) ABSTRACT

A nitride semiconductor device is provide that can reduce
contact resistance of an ohmic electrode and a nitride semi-
conductor layer. In a GaN HFET, recesses (106, 109) are
formed in a nitride semiconductor multilayer body (20) com-
posed of an undoped GaN layer (1) and an undoped AlGaN
layer (2) formed on an Si substrate (10), and a source elec-
trode (11) and a drain electrode (12) are formed in the
recesses (106, 109). In a region deeper than an interface (S1,
S2) between the GaN layer (1) and the source electrode (11)
and drain electrode (12), which are formed from a TiAl mate-
rial, a first chlorine concentration peak (P11) is formed in
vicinity of the interface, and a second chlorine concentration
peak (P22) having a chlorine concentration of 1.3x10*” cm™>
or lower is formed at a position deeper than the first chlorine
concentration peak (P11).

6 Claims, 17 Drawing Sheets
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1
NITRIDE SEMICONDUCTOR DEVICE

TECHNICAL FIELD

The present invention relates to a nitride semiconductor
device.

BACKGROUND ART

Among conventional nitride semiconductor devices is one
fabricated by performing oxygen plasma processing on a
surface of an n-type GaN contact layer to form an oxygen-
doped layer and thereafter forming an ohmic electrode on the
n-type GaN contact layer so that a contact resistance between
the n-type GaN contact layer and the ohmic electrode is
reduced (see JP 2967743 A (PTL1)).

However, with respect to the above nitride semiconductor
device, when the present inventor actually performed experi-
ments to form an ohmic electrode after performing oxygen
plasma processing on the GaN layer, the ohmic electrode
showed a high contact resistance and sufficiently low contact
resistance was by no means able to be obtained.

CITATION LIST
Patent Literature
PTL1: JP 2967743 A
SUMMARY OF INVENTION
Technical Problem

Accordingly, an object of the present invention is to pro-
vide a nitride semiconductor device capable of reducing the
contact resistance between the nitride semiconductor layer
and the ohmic electrode.

Solution to Problem

Through keen examinations as to the contact resistance of
the ohmic electrode formed on a nitride semiconductor layer,
the present inventor found out for the first time that on con-
dition that in a substrate-side region from an interface
between an ohmic electrode formed from a TiAl material and
a nitride semiconductor layer, a first chlorine concentration
peak is generated in vicinity of the interface and a second
chlorine concentration peak is generated at a position deeper
than the first chlorine concentration peak, the contact resis-
tance characteristic between the nitride semiconductor layer
and the ohmic electrode dramatically varies according to the
chlorine concentration of the second chlorine concentration
peak.

Further, the inventor also found out by experiments for the
first time that while the chlorine concentration of the second
chlorine concentration peak on the substrate side from the
interface is within a certain range, the contact resistance
decreases to a large extent.

Based on the above findings, in a first aspect of the present
invention, there is provided a nitride semiconductor device
comprising:

a substrate;

a nitride semiconductor multilayer body formed on the
substrate and having a heterointerface; and

ohmic electrodes which are made from a TiAl material and
at least part of which are formed on the nitride semiconductor
multilayer body or in the nitride semiconductor multilayer
body, wherein
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2

the nitride semiconductor multilayer body includes:

a first nitride semiconductor layer formed on the substrate;
and

a second nitride semiconductor layer formed on the first
nitride semiconductor layer to make up a heterointerface in
combination with the first nitride semiconductor layer, and
wherein

a chlorine concentration distribution in a depthwise direc-
tion over a range from the ohmic electrodes formed from the
TiAl material to the nitride semiconductor multilayer body
has:

a first chloride concentration peak at a position in vicinity
of an interface between the ohmic electrodes and the nitride
semiconductor multilayer body and in a substrate side region
from the interface; and

a second chlorine concentration peak at a position deeper
than the first chloride concentration peak, and wherein

the chlorine concentration of the second chlorine concen-
tration peak is

within a range of 3x10'¢ cm™ to 1.3x10"7 cm™>.

According to the nitride semiconductor device of the first
aspect of the invention, in the substrate-side region from the
interface between the ohmic electrode formed from the TiAl
material and the nitride semiconductor multilayer body, the
second chloride concentration peak within the range of
3x10"¢ cm™ to 1.3x10"7 cm™ is formed at a position deeper
than the first chlorine concentration peak in vicinity of the
interface. As a result of this, the contact resistance between
the nitride semiconductor multilayer body and the ohmic
electrode can be reduced to a large extent.

In a nitride semiconductor device of one embodiment,

the position of the second chlorine concentration peak is at
a depth within a range of 60 nm to 100 nm from the interface.

According to this embodiment, since the second oxygen
concentration peak is positioned at a depth within the range of
60 nm to 100 nm from the interface, the contact resistance
between the nitride semiconductor multilayer body and the
ohmic electrode can be reduced.

Through keen examinations as to the contact resistance of
the ohmic electrode formed on a nitride semiconductor layer,
the present inventor also found out that in a substrate-side
region from the interface between the ohmic electrode formed
from a TiAl material and the nitride semiconductor layer, the
contact resistance characteristic between the nitride semicon-
ductor layer and the ohmic electrode varies in response to the
oxygen concentration of oxygen concentration peak and the
chlorine concentration of the chlorine concentration peak
generated in vicinity of the interface.

Further, the present inventor found out for the first time that
the contact resistance decreases to a large extent under a
condition that the oxygen concentration of the oxygen con-
centration peak and the chlorine concentration of the chlorine
concentration peak in substrate-side vicinity from the inter-
face are within certain ranges, respectively.

Based on the above findings, in a second aspect of the
invention, there is provided a nitride semiconductor device
comprising:

a substrate;

a nitride semiconductor multilayer body formed on the
substrate and having a heterointerface; and

ohmic electrodes which are made from a TiAl material and
at least part of which are formed in the nitride semiconductor
multilayer body, wherein
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the nitride semiconductor multilayer body includes:

afirst nitride semiconductor layer formed on the substrate;
and

a second nitride semiconductor layer formed on the first
nitride semiconductor layer to make up a heterointerface in
combination with the first nitride semiconductor layer, and
wherein

an oxygen concentration distribution in a depthwise direc-
tion over a range from the ohmic electrodes formed from the
TiAl material to the nitride semiconductor multilayer body
has

an oxygen concentration peak at a position in vicinity of an
interface between the ohmic electrodes and the nitride semi-
conductor multilayer body and in a substrate side region from
the interface, where

the oxygen concentration of the oxygen concentration peak
is

within a range of 1.1x10"® cm™ to 6.8x10*® cm™>, and
wherein

a chlorine concentration distribution in a depthwise direc-
tion over a range from the ohmic electrodes formed from the
TiAl material to the nitride semiconductor multilayer body
has

achlorine concentration peak at a position in vicinity of the
interface between the ohmic electrodes and the nitride semi-
conductor multilayer body and in a substrate side region from
the interface, where

the chlorine concentration of the chlorine concentration
peak is

within a range of 5.0x10'® cm™ t0 9.6x10'7 cm™*.

According to the nitride semiconductor device of the sec-
ond aspect of the invention, in a substrate-side region from the
interface between the ohmic electrode formed from the TiAl
material and the nitride semiconductor multilayer body, the
oxygen concentration of the oxygen concentration peak in
vicinity of the interface is within a range of 1.1x10'® cm™ to
6.8x10'® cm~ and moreover the chlorine concentration of the
chlorine concentration peak in vicinity of the interface is
within a range of 5.0x10"° cm™ 10 9.6x10'7 cm™>. As aresult
of this, the contact resistance between the nitride semicon-
ductor multilayer body and the ohmic electrode can be
reduced to a large extent.

In a nitride semiconductor device of one embodiment,

the nitride semiconductor multilayer body includes

recesses which extend through the second nitride semicon-
ductor layer and reach a two-dimensional electron gas layer in
vicinity of the heterointerface, and wherein

at least part of the ohmic electrodes are buried in the
recesses.

According to this embodiment, in the nitride semiconduc-
tor device of arecess structure, the contact resistance between
the two-dimensional electron gas layer in vicinity of the het-
erointerface and the ohmic electrode can be reduced.

Advantageous Effects of Invention

According to the nitride semiconductor device in the first
aspect of the invention, in a substrate-side region from the
interface between the ohmic electrode formed from the TiAl
material and the nitride semiconductor multilayer body, a
second chloride concentration peak having a chlorine con-
centration of 1.3x10'7 cm™ or lower is formed at a position
deeper than the position of the first chlorine concentration
peak in vicinity of the interface. Thus, the contact resistance
between the nitride semiconductor multilayer body and the
ohmic electrode can be reduced to a large extent.
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4

According to the nitride semiconductor device in the sec-
ond aspect of the invention, in a substrate-side region from the
interface between the ohmic electrode formed from the TiAl
material and the nitride semiconductor multilayer body, the
oxygen concentration of the oxygen concentration peak in
vicinity of the interface is within a range of 1.1x10'® cm™ to
6.8x10'® cm™ and moreover the chlorine concentration of the
chlorine concentration peak in vicinity of the interface is
within a range of 5.0x10"® cm™ t0 9.6x10"” cm™>. As aresult
of this, the contact resistance between the nitride semicon-
ductor multilayer body and the ohmic electrode can be
reduced to a large extent.

BRIEF DESCRIPTION OF DRAWINGS

FIG.11s a sectional view of a nitride semiconductor device
according to a first embodiment of the present invention;

FIG. 2 is a process sectional view for explaining a manu-
facturing method of the nitride semiconductor device;

FIG. 3 is a process sectional view subsequent to FIG. 2;

FIG. 4 is a process sectional view subsequent to FIG. 3;

FIG. 5 is a process sectional view subsequent to FIG. 4;

FIG. 6 is a graph showing a chlorine concentration distri-
bution in a depthwise direction over a range from ohmic
electrode side to GaN layer side of the interface between the
ohmic electrode and the GaN layer in the first embodiment;

FIG. 7 is a graph showing a relationship between the chlo-
rine concentration (cm™>) of the second chlorine concentra-
tion peak P22 and the contact resistance of the ohmic elec-
trode in the first embodiment;

FIG. 8 is a graph showing a relationship between the depth
of'the second chlorine concentration peak P22 and the contact
resistance of the ohmic electrode in the first embodiment;

FIG. 9is a graph showing a relationship between a self-bias
voltage Vdc in dry etching of the manufacturing process of
the first embodiment and the contact resistance of the ohmic
electrode;

FIG. 10 is a graph showing a chlorine concentration distri-
bution in a depthwise direction over a range from ohmic
electrode side to GaN layer side of the interface between an
ohmic electrode and a GaN layer in a comparative example;

FIG. 11 is a sectional view of a nitride semiconductor
device according to a second embodiment of the invention;

FIG. 12 is a process sectional view for explaining a manu-
facturing method of the nitride semiconductor device;

FIG. 13 is a process sectional view subsequent to FI1G. 12;

FIG. 14 is a process sectional view subsequent to FI1G. 13;

FIG. 15 is a process sectional view subsequent to FI1G. 14;

FIG. 16 is a graph showing an oxygen concentration dis-
tribution in a depthwise direction over a range from ohmic
electrode side to GaN layer side of the interface between the
ohmic electrode and the GaN layer;

FIG. 17 is a graph showing oxygen, Al, Ti and Ga concen-
tration distributions in a depthwise direction over a range
from ohmic electrode side to GaN layer side of the interface
between the ohmic electrode and the GaN layer;

FIG. 18 is a graph showing a chlorine concentration distri-
bution in a depthwise direction over a range from ohmic
electrode side to GaN layer side of the interface between the
ohmic electrode and the GaN layer in the second embodi-
ment;

FIG. 19 is a graph showing a relationship between the
oxygen concentration of an oxygen concentration peak in
vicinity of the interface between the ohmic electrode and the
GaN layer and the contact resistance of the ohmic electrode;

FIG. 20 is a graph showing a relationship between the
chlorine concentration of a chlorine concentration peak in
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vicinity of the interface between the ohmic electrode and the
GaN layer and the contact resistance of the ohmic electrode;
and

FIG. 21 is a graph showing a relationship between the
oxygen concentration of the oxygen concentration peak as
well as the chlorine concentration of the chlorine concentra-
tion peak and the contact resistance of the ohmic electrode.

DESCRIPTION OF EMBODIMENTS

Hereinbelow, the present invention will be described in
detail by way of embodiments thereof illustrated in the
accompanying drawings.

First Embodiment

FIG. 1 is a sectional view of a nitride semiconductor device
according to a first embodiment of the invention. This nitride
semiconductor device is a GaN-based HFET (Hetero-junc-
tion Field Effect Transistor).

In this semiconductor device, as shown in FIG. 1, formed
ona Si substrate 10 are an undoped AlGaN buffer layer 15 and
a nitride semiconductor multilayer body 20 composed of an
undoped GaN layer 1 as an example of a first nitride semi-
conductor layer and an undoped AlGaN layer 2 as an example
of a second nitride semiconductor layer. The interface
between the undoped GaN layer 1 and the undoped AlGaN
layer 2 is a heterointerface. There arises a 2DEG layer (2-Di-
mensional Electron Gas layer) 3 in vicinity of the interface
between the undoped GaN layer 1 and the undoped AlGaN
layer 2.

In addition, the GaN layer 1 may be replaced with an
AlGaN layer having a composition smaller in band gap than
the AlGaN layer 2. Also, an about 1 nm thick layer formed
from GaN as an example may be provided as a cap layer on
the AlGaN layer 2.

Also, a source electrode 11 and a drain electrode are
formed in a recess 106 and a recess 109, respectively, with a
distance therebetween so as to extend through the AlGaN
layer 2 and the 2DEG layer 3 and reach the GaN layer 1. Also,
on the AlGaN layer 2, a gate electrode 13 is formed at a
position which is between the source electrode 11 and the
drain electrode 12 and which is closer to the source electrode
11. The source electrode 11 and the drain electrode 12 are
ohmic electrodes, and the gate electrode 13 is a Schottky
electrode. The source electrode 11, the drain electrode 12, the
gate electrode 13, and active regions of the GaN layer 1 and
the AlGaN layer 2 where the source electrode 11, the drain
electrode 12 and the gate electrode 13 are formed constitute
an HFET.

It is noted that the term ‘active region’ refers to a region of
the nitride semiconductor multilayer body 20 (GaN layer 1,
AlGaN layer 2) in which carriers flow with a voltage applied
to the gate electrode 13 placed between the source electrode
11 and the drain electrode 12 on the AlGaN layer 2.

Then, for protection of the AlGaN layer 2, an insulating
film 30 made of SiO, is formed on the AlGaN layer 2 except
its regions where the source electrode 11, the drain electrode
12 and the gate electrode 13 are formed. Also, an interlayer
insulating film 40 made of polyimide is formed on the Si
substrate 10 in which the source electrode 11, the drain elec-
trode 12 and the gate electrode 13 are formed. In FIG. 1,
reference sign 41 denotes a via hole as a contact portion
(Vertical Interconnect), and 42 denotes a drain electrode pad.
In addition, the insulating film may be formed by using SiN,
Al O, or the like other than SiO,. In particular, the insulating
film is preferably provided in a multilayer film structure com-
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posed of a SiN film of decayed stoichiometry on the semi-
conductor layer surface for collapse suppression and SiO, or
SiN for surface protection. Also, the interlayer insulating
film, without being limited to polyimide, may be formed by
using such insulating materials as SiO, film manufactured by
p-CVD (plasma CVD), SOG (Spin On Glass) or BPSG (Bo-
ron-Phosphorus-Silicate-Glass).

The source electrode 11 and the drain electrode 12 are
formed from a TiAl material, for example, Ti/Al/TiN made by
stacking layers of Ti, Al and TiN sequentially on the GaN
layer 1.

A chlorine concentration distribution of the GaN layer 1 in
a depthwise direction from interfaces S1, S2 between the
source electrode 11 as well as the drain electrode 12 and the
GaN layer 1 toward the substrate 10 side has a first chlorine
concentration peak at a position in vicinity of the interfaces
S1, S2, where the chlorine concentration of the first chlorine
concentration peak is within a range of

1.0x10'7 em™ to 2.2x10'7 ecm ™.

It is noted that the term “vicinity of the interfaces S1, S2”
refers to arange within about 33 nm from the interfaces S1, S2
toward the deeper side.

The GaN layer 1 has a second chlorine concentration peak
at a position deeper than the position of the first chlorine
concentration peak in vicinity of the interfaces S1, S2. The
chlorine concentration of the second chlorine concentration
peak is within a range of 3x10'° cm™ to 1.3x10'” cm™>. The
chlorine concentration of the second chlorine concentration
peak is a value lower than the chlorine concentration of the
first chlorine concentration peak. The second chlorine con-
centration peak is at a depth within a range of 60 nmto 100 nm
measuring from the interfaces S1, S2 toward the substrate 10
side.

In the nitride semiconductor device constituted as
described above, a channel is formed in the two-dimensional
electron gas layer (2DEG layer 3 generated at the interface
between the GaN layer 1 and the AlGaN layer 2, and this
channel is controlled by applying a voltage to the gate elec-
trode 13 so that the HFET having the source electrode 11, the
drain electrode 12 and the gate electrode 13 is turned on and
off. While a negative voltage is applied to the gate electrode
13, a depletion layer is formed in the GaN layer 1 under the
gate electrode 13 so that the HFET is turned off. On the other
hand, while the voltage of the gate electrode 13 is zero volts,
no depletion layer is present in the GaN layer 1 under the gate
electrode 13 so that the HFET is turned on, hence the HFET
being a normally-ON type transistor.

According to the HFET as the nitride semiconductor
device of this first embodiment, in the substrate 10-side
region from the interfaces S1, S2 between the source elec-
trode 11 as well as the drain electrode 12, which are formed
from a TiAl material, and the GaN layer 1, a second chlorine
concentration peak within a range of 3x10'° cm=t0 1.3x10"”
cm™ is formed at a position deeper than the position of the
first chlorine concentration peak in vicinity of the interfaces
S1, S2, and moreover the second chlorine concentration peak
is at a depth within a range of 60 nm to 100 nm measuring
from the interfaces S1, S2 toward the substrate 10 side. Thus,
the contact resistance between the GaN layer 1 and the source
electrode 11 as well as the drain electrode 12 can be reduced
to a large extent.

Next, a manufacturing method for the nitride semiconduc-
tor device will be described with reference to FIGS. 2 to 5. In
FIGS. 2 to 5, for an easier seeing of the drawings, neither the
Si substrate nor the undoped AlGaN buffer layer is shown
while the source electrode and the drain electrode are changed
in size or distance.
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First, as shown in FIG. 2, an undoped AlGaN buffer layer
(not shown), an undoped GaN layer 101 and an undoped
AlGaN layer 102 are formed sequentially on a Si substrate
(not shown) by using MOCVD (Metal Organic Chemical
Vapor Deposition) process. The undoped GaN layer 101 has
a thickness of 1 um as an example, and the undoped AlGaN
layer 102 has a thickness of 30 nm as an example. These GaN
layer 101 and AlGaN layer 102 constitute a nitride semicon-
ductor multilayer body 120.

Next, on the AlGaN layer 102, an insulating film 130 (e.g.,
Si0,) is deposited to a thickness of 200 nm by plasma CVD
(Chemical Vapor Deposition) process as an example. In FIG.
2, reference sign 103 denotes a two-dimensional electron gas
layer (2DEG layer) formed in vicinity of the heterointerface
between the GaN layer 101 and the AlGaN layer 102.

Next, photoresist (not shown) is applied onto the insulating
film 130, followed by patterning process. Thereafter, as
shown in FIG. 3, portions where the ohmic electrodes are to
be formed are removed by dry etching so that recesses 106,
109 are formed in upper portion of the GaN layer 101 so as to
extend through the AlGaN layer 102 and be deeper than the
2DEG layer 103. For this dry etching, a chlorine-based gas is
used. The recesses 106, 109 may be set to a depth equal to or
larger than the depth from the surface of the AlGaN layer 102
to the 2DEG layer 103, being set to, for example, 50 nm.

Also in this first embodiment, the voltage Vdc applied
between electrodes in the chamber during the dry etching is
set to within a range of 180 V to 240 V.

Next, O, plasma processing, cleaning by HCI/H,0,, and
cleaning by BHF (Buffered Hydrofluoric acid) or 1% HF
(Hydrofluoric acid) are performed in sequence. Then, anneal-
ing for reducing etching damage due to the dry etching is
performed at, for example, 500 to 850° C.

Next, as shown in FIG. 4, on the insulating film 130 and in
the recesses 106, 109, Ti, Al, TiN layers are stacked sequen-
tially by sputtering to make up a multilayer of Ti/Al/TiN so
that a multilayer metal film 107 to serve as the ohmic elec-
trode is formed. In this case, the TiN layer is a cap layer for
protecting the Ti/Al layers from subsequent steps.

In the formation of the multilayer metal film 107 by sput-
tering, a small quantity (e.g., 5 sccm) of oxygen flow is given
into the chamber during deposition of Ti. In this case, the flow
rate of oxygen is set such that no oxide of Ti is generated. In
addition, instead of giving a small quantity of oxygen flow
into the chamber during deposition of Ti, for example, 50
sccm of oxygen flow may be given into the chamber for 5
minutes before the deposition of Ti.

In the above sputtering, both Ti and Al may be sputtered
concurrently. Also, instead of sputtering, the Ti and Al may be
vapor deposited.

Next, as shown in FIG. 5, patterns of ohmic electrodes 111,
112 are formed by using normal photolithography and dry
etching.

Then, the substrate with the ohmic electrodes 111, 112
formed thereon is annealed at temperatures of e.g. 400° C. to
500° C. for 10 minutes or more, by which ohmic contacts can
be obtained between the two-dimensional electron gas layer
(2DEG layer) 103 and the ohmic electrodes 111, 112. In this
case, the contact resistance can be reduced to a large extent, as
compared with cases where the annealing is done at high
temperatures over 500° C. (e.g., 600° C. or higher). Also,
performing the annealing at lower temperatures within the
range of 400° C. to 500° C. makes it possible to suppress
diffusion of the electrode metal into the insulating film 130 or
the like, so that characteristics of the insulating film 130 are
never adversely affected. Also, the lower-temperature anneal-
ing makes it possible to prevent deterioration of current col-
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lapse and characteristic variations due to denitrification from
the GaN layer 101. It is noted that the term ‘current collapse’
refers to a phenomenon that on-resistance of a transistor in
high-voltage operation becomes higher relative to on-resis-
tance of the transistor in low-voltage operation.

The ohmic electrodes 111, 112 become the source elec-
trode 11 and the drain electrode 12, and a gate electrode made
from TiN or WN or the like is formed between the ohmic
electrodes 111, 112 in subsequent process.

According to the manufacturing method for the nitride
semiconductor device of the first embodiment, as shown in
FIG. 6, in the chlorine concentration distribution in the depth-
wise direction over the range from the source electrode 11 and
the drain electrode 12 as the ohmic electrodes to the GaN
layer 1, a first chlorine concentration peak P11 is formed at a
position in vicinity of the interfaces S1, S2 (where the term
“vicinity of the interfaces S1, S2” refers to a range within
about 33 nm toward the deeper side from the interfaces S1,
S2) in the undoped GaN layer 1-side region from the inter-
faces S1, S2 (in FIG. 6, only S1 is shown but S2 is of the same
depth) between the source electrode 11, the drain electrode 12
and the undoped GaN layer 1. Also, a second chlorine con-
centration peak P22 is formed at a position deeper than the
first chlorine concentration peak P11. The chlorine concen-
tration of the second chlorine concentration peak P22 can be
set to within a range of 2.0x10'® cm™ to 1.3x10*” cm™>. The
chlorine concentration of the first chlorine concentration peak
P11 is higher than the chlorine concentration of the second
chlorine concentration peak P22, being within a range of
1.0x10"7 cm™ to 2.2x10'7 cm™ as an example.

FIG. 6 is a graph showing an example of the chlorine
concentration distribution in the depthwise direction over a
range from the source electrode 11 to the undoped GaN layer
1.InFIG. 6, 1.E+01, 1.E+02, . .., 1.E+04 in the vertical-axis
scale represent 1.0x10, 1.0x10%, . . ., 1.0x10%, respectively.
This graph represents measurement results by SIMS (Sec-
ondary lon Mass Spectrometry) with use of TEG (Test Ele-
ment Group), where the horizontal axis represents depth (nm)
and the vertical axis represents relative secondary ion inten-
sity (counts). In FIG. 6, as an example, the first chlorine
concentration peak P11 is positioned at a depth of about 10
nm from the interface S1 toward the GaN layer 1 side, and the
second chlorine concentration peak P22 is positioned at a
depth of about 95 nm from the interface S1 toward the GaN
layer 1 side.

In addition, an oxygen concentration distribution in the
depthwise direction over a range from the drain electrode 12
side to the GaN layer 1 side of the interface S2 between the
drain electrode 12 and the undoped GaN layer 1 was similar
to the graph of FIG. 6. In the example shown in FIG. 6, the
chlorine concentration of second chlorine concentration peak
P22 was 6x10'° (cm™), and a contact resistance of 1.1 Qmm
of the ohmic electrodes (source electrode 11, drain electrode
12) was obtained.

As shown in FIG. 6, in order that not only the first chlorine
concentration peak P11 but also the second chlorine concen-
tration peak P22 are present, it is necessary that large amounts
of' damage (immersion of chlorine, introduction of defectives
due to ion impact or charge, etc.) be involved on the substrate
side during the dry etching. In this connection, the present
inventors found out for the first time that a low-resistance
ohmic contact can be formed by a chlorine concentration
distribution in which such a second chlorine concentration
peak P22 as described above is present.

Thus, according to the first embodiment, in a nitride semi-
conductor device having a recess structure that the ohmic
electrodes 111, 112 are partly buried in the recesses 106, 109
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which are formed so as to extend through the AlGaN layer
102 and reach the 2DEG layer 3, the contact resistance
between the two-dimensional electron gas layer (2DEG
layer) 103 and the ohmic electrodes 111,112 in vicinity of the
heterointerface between the GaN layer 101 and the AlGaN
layer 102 can be reduced.

Next, FIG. 7 shows a relationship between the chlorine
concentration (¢cm™>) of the second chlorine concentration
peak P22 and the contact resistance (€2mm) between the
2DEG layer 3 of the nitride semiconductor multilayer body
20 and the source electrode 11, the drain electrode 12. In FIG.
7, E+16, E+17, E+18 in the horizontal-axis scale represent
x10'°, x10'7, x10"®, respectively.

As can be understood from FIG. 7, by the setting that the
chlorine concentration (cm™) of the second chlorine concen-
tration peak P22 is not more than 1.3x10*” cm™ and not less
than 3x10% cm™3, the contact resistance (Qmm) can be set to
be not more than 3 (Qmm). For example, as shown in FIG. 7,
when the chlorine concentration (cm™) of the second chlo-
rine concentration peak P22 was set to 6x10'¢ (cm™), a
contact resistance (Qmm) of about 1.1 (2mm) was obtained.
Also, when the chlorine concentration (cm~>) of the second
chlorine concentration peak P22 was set to 3x10"® (cm™), a
contact resistance (Qmm) of about 1.0 (2mm) was obtained.
The upper-limit value 1.3x10'7 cm™ of the chlorine concen-
tration range (3x10'° cm™ to 1.3x10'7 cm™>) of the second
chlorine concentration peak P22 has a critical significance
because the contact resistance abruptly decreases across a
borderline of the value (1.3x10"7 cm™>) as can be understood
from FIG. 7.

On the other hand, as in a case where a fluorine-based gas
is used in the dry etching instead of the chlorine-based gas,
when the chlorine concentration of the second chlorine con-
centration peak P22 is zero, no ohmic contact is formed. The
reason of this can be considered that when the chlorine con-
centration of the second chlorine concentration peak P22 is
zero, resulting damage (immersion of chlorine, introduction
of defectives due to ion impact or charge, etc.) given to the
substrate side in the dry etching is insufficient so that a low-
resistance ohmic contact is not formed. The lower-limit value
3x10'S cm™ of the chlorine concentration range (3x10'°
cm™> to 1.3x10"7 cm™) of the second chlorine concentration
peak P22 is such a lower-limit value of chlorine concentration
that the ohmic contact is formed without fail.

Also, as the chlorine concentration of the second chlorine
concentration peak P22 is over 1.3x10'7 cm™>, the contact
resistance goes over 3 Qmm. The reason of this can be con-
sidered that given an excessively high chlorine concentration
of the second chlorine concentration peak P22, excess chlo-
rine reacts with Ga and Ti so that N pulling-out reaction from
GaN by Ti and oxygen activation, which are reactions on the
GaN layer 1 side necessary for ohmic contact formation, are
inhibited.

That is, according to this first embodiment, it can be con-
sidered that setting the chlorine concentration of the second
chlorine concentration peak P22 to within the range of 3.0x
10*° cm™ to 1.3x10"7 cm™ made it possible to accelerate the
oxygen activation as well as the N pulling-out reaction from
GaN, which are GaN layer-side reactions necessary for ohmic
contact formation, so that a low-resistance ochmic contact of 3
©mm or lower was able to be obtained. A nitride semicon-
ductor device having a contact resistance of 3 Qmm or lower
as shown above has a commercial value in terms of perfor-
mance and cost as a product capable of being driven with
larger current than those for silicon devices and suitable for
high-temperature operations.
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Furthermore, with a fluorine-based gas used instead of the
chlorine-based gas in the dry etching, such a low-resistance
ohmic contact as with use of the chlorine-based gas was not
formed. Therefore, it can be considered that not only physical
damage to the GaN layer in the dry etching but also the
presence of chlorine in the dry etching contribute to the for-
mation of a low-resistance ohmic contact.

FIG. 10 is a graph showing a chlorine concentration distri-
bution in the depthwise direction over a range from the ohmic
electrodes (source electrode, drain electrode) to the undoped
GaN layer in a comparative example of the nitride semicon-
ductor device (GaN-based HFET) of the first embodiment. In
FIG.10,1.E+01, 1.E+02, 1.E+03, 1.E+04 in the vertical-axis
scale represent 1.0x10, 1.0x10% 1.0x10°, 1.0x10*, respec-
tively. The cross-sectional structure of this comparative
example is similar to the cross-sectional structure of the first
embodiment shown in FIG. 1, but differs from the first
embodiment in the chlorine concentration distribution shown
in the graph.

The graph of FIG. 10 represents measurement results by
SIMS (Secondary lon Mass Spectrometry) with use of TEG
(Test Element Group), where the horizontal axis represents
depth (nm) and the vertical axis represents relative secondary
ion intensity (counts). As shown in FIG. 10, in this compara-
tive example, a first chlorine concentration peak P31 is
present in vicinity of the interface, but no second chlorine
concentration peak is present at a position on the GaN layer
side deeper than the first chlorine concentration peak P31. As
in this comparative example, without the presence of any
second chloride concentration peak, the contact resistance of
the ohmic electrodes is more than 70 Qmm, showing a sub-
stantial increase as much as about 23-fold of the contact
resistance, 3 Qmm, of the ohmic electrodes of the first
embodiment, with the result that no low-resistance ohmic
contact was able to be obtained.

Next, in the dry etching for formation of the recesses 106,
109, a relationship between the self-bias voltage Vdc of an
RIE (Reactive Ion Etching) device and the contact resistance
(Qmm) of the source electrode 11 and the drain electrode 12
will be explained with reference to FIG. 9. As can be under-
stood from FIG. 9, with the self-bias voltage Vdc for dry
etching set to within a range of 180V to 240V, the second
chlorine concentration peak P22 is formed and the contact
resistance (£2mm) between the 2DEG layer 3 of the nitride
semiconductor multilayer body 20 and the source electrode
11 as well as the drain electrode 12 can be made to be not more
than 2 Qmm.

On the other hand, as can be understood from FIG. 9, with
the self-bias voltage Vdc in the dry etching lower than 180V,
the second chloride concentration peak is less likely to be
formed while the contact resistance (Qmm) rapidly increases.
The reason of this can be considered that less damage is given
to the GaN layer in the dry etching with the self-bias voltage
Vdc in the dry etching excessively small, so that alloying of
the electrodes and the GaN layer in the annealing process is
less likely to progress.

Also, with the self-bias voltage Vdc over 240V, the second
chloride concentration peak is less likely to be formed while
the contactresistance (QQmm) rapidly increases. The reason of
this can be considered that an excessively large self-bias
voltage Vdc in the dry etching causes damage to penetrate
excessively deep into the GaN layer 1 side so that the alloying
of'the electrodes and the GaN layer is less likely to progress
in the annealing process.

Next, a relationship between the depth (nm) of the second
chlorine concentration peak P22 from the interface S1 and the
contact resistance (2mm) of the source electrode 11 and the
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drain electrode 12 will be explained with reference to FIG. 8.
As can be understood from FIG. 8, on condition that the depth
(nm) of the second chlorine concentration peak P22 from the
interface S1 is within a range of 60 nm to 100 nm, the contact
resistance (Q2mm) can be made to be 2 Qmm or lower. On
condition that the depth (nm) of the second chlorine concen-
tration peak P22 from the interface S1 is less than 60 nm, it
becomes unclear to distinguish between the first chlorine
concentration peak P11 and the second chlorine concentra-
tion peak P22. Also, on condition that the depth (nm) of the
second chlorine concentration peak P22 from the interface S1
is more than 100 nm, the second chlorine concentration peak
P22 is hardly formed. Therefore, the lower-limit value, 60
nm, of the depth range (60 nm to 100 nm) of the second
chlorine concentration peak P22 from the interfaces S1, S2, as
well as its upper-limit value, 100 nm, are numerical values
having critical significance for formation of the second chlo-
rine concentration peak P22.

As shown in F1G. 8, by the constitution that the depth of the
second chlorine concentration peak P22 from the interface S1
is within the range of 60 nm to 100 nm, it can be considered
that the depth at which reaction (oxygen activation, N pulling-
out by Ti, etc.) necessary for formation of the ohmic contact
on the substrate side in the low-temperature (400° C. to 500°
C.) ohmic annealing process is optimized, so that the ohmic
formation reaction is accelerated.

According to the above-described manufacturing method
of the first embodiment, the chlorine concentration of the
second chlorine concentration peak P22 can be set to a value
within the range of 3.0x10'® cm™ to 1.3x10'7 ¢m™>, and
moreover the depth (nm) of the second chlorine concentration
peak P22 from the interface S1 can be set to a depth within the
range of 60 nm to 100 nm (e.g., 108 nm) and the contact
resistance (€2mm) can be set to 2 Qmm or lower.

In addition, according to the manufacturing method for the
nitride semiconductor device of the first embodiment, the
recesses 106, 109 are formed by removing the insulating film
130, the AlGaN layer 102 and the GaN layer 101 by dry
etching. Alternatively, the recesses 106, 109 may also be
formed by removing the insulating film 130 by wet etching
and thereafter removing the AlGaN layer 102 and the GaN
layer 101 by dry etching.

Also, according to the manufacturing method for the
nitride semiconductor device of the first embodiment, Ti/Al/
TiN are multilayered to make up the ohmic electrode. How-
ever, this is not limitative. TiN may be omitted, and after Ti/Al
is multilayered, Au, Ag, Pt and the like may be stacked in
layers thereon.

Also, the first embodiment has been described on a nitride
semiconductor device using a Si substrate. However, without
being limited to the Si substrate, it is also allowable to use a
sapphire substrate or SiC substrate, where nitride semicon-
ductor layers may be grown on the sapphire substrate or SiC
substrate, or a nitride semiconductor layer may be grown on
a substrate formed from a nitride semiconductor such as
growing an AlGaN layer on a GaN substrate. Furthermore, a
buffer layer may be formed between the substrate and the
nitride semiconductor layer, or a hetero-improvement layer
may be formed between the first nitride semiconductor layer
and the second nitride semiconductor layer of the nitride
semiconductor multilayer body.

Also, the first embodiment has been described on an HFET
ofarecess structure that the ohmic electrode reaches the GaN
layer. However, the invention may also be applied to HFETs
in which ohmic electrodes serving as a source electrode and a
drain electrode are formed on an undoped AlGaN layer with-
out forming any recess. Further, the nitride semiconductor
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device of the invention is not limited to HFETs using 2DEG
and may be applied also to field effect transistors of other
structures, in which case also similar effects can be obtained.

The first embodiment has been described on an HFET of
the normally-ON type. Instead, the invention may also be
applied to nitride semiconductor devices of the normally-
OFF type. Further, without being limited to Schottky elec-
trodes, the invention may also be applied to field effect tran-
sistors of the insulated-gate structure. Further, without being
limited to field effect transistors, the invention may also be
applied to ohmic electrodes of the Schottky diode.

Second Embodiment

FIG. 11 is a sectional view of a nitride semiconductor
device according to a second embodiment of the invention.
This nitride semiconductor device is a GaN-based HFET
(Hetero-junction Field Effect Transistor).

In the description of the nitride semiconductor device
according to the second embodiment, the same constituent
members as those of the nitride semiconductor device of the
first embodiment are designated by the same reference signs
as those of the constituent members of the first embodiment,
and their description will be given in brief and not in detail.

In this semiconductor device, as shown in FIG. 11, an
undoped AlGaN buffer layer 15 and a nitride semiconductor
multilayer body 220 composed of an undoped GaN layer 201
as an example of a first nitride semiconductor layer and an
undoped AlGaN layer 202 as an example of a second nitride
semiconductor layer are formed on a Si substrate 10. An
interface between the undoped GaN layer 201 and the
undoped AlGaN layer 202 is a heterointerface. A 2DEG layer
(two-dimensional electron gas layer) 203 is generated in
vicinity of the interface between the undoped GaN layer 201
and the undoped AlGaN layer 202.

In addition, the GaN layer 201 may be replaced with an
AlGaN layer having a composition smaller in band gap than
the AlGaN layer 202. Also, an about 1 nm thick layer made of
GaN as an example may be provided as a cap layer on the
AlGaN layer 202.

Also, a source electrode 11 and a drain electrode 12 are
formed in a recess 106 and a recess 109, respectively, with a
distance therebetween so as to extend through the AlGaN
layer 202 and the 2DEG layer 203 and reach the GaN layer
201. Also, on the AlGaN layer 202, a gate electrode 13 is
formed at a position which is between the source electrode 11
and the drain electrode 12 and which is closer to the source
electrode 11. The source electrode 11 and the drain electrode
12 are ohmic electrodes, and the gate electrode 13 is a Schot-
tky electrode. The source electrode 11, the drain electrode 12,
the gate electrode 13, and active regions of the GaN layer 201
and the AlGaN layer 202 where the source electrode 11, the
drain electrode 12 and the gate electrode 13 are formed con-
stitute an HFET.

It is noted that the term ‘active region’ refers to a region of
the nitride semiconductor multilayer body 220 (GaN layer
201, AlGaN layer 202) in which carriers flow between the
source electrode 11 and the drain electrode 12 with a voltage
applied to the gate electrode 13 placed between the source
electrode 11 and the drain electrode 12 on the AlGaN layer
202.

Then, for protection of the AlGaN layer 202, an insulating
film 30 made of SiO, is formed on the AlGaN layer 202
except its regions where the source electrode 11, the drain
electrode 12 and the gate electrode 13 are formed. Also, an
interlayer insulating film 40 made of polyimide is formed on
the Si substrate 10 in which the source electrode 11, the drain
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electrode 12 and the gate electrode 13 are formed. In FIG. 11,
reference sign 41 denotes a via hole as a contact portion, and
42 denotes a drain electrode pad. In addition, the insulating
film may be given by using SiN, Al,O; or the like without
being limited to SiO,. In particular, the insulating film is
preferably provided in a multilayer film structure composed
of'a SiN film of decayed stoichiometry on the semiconductor
layer surface for collapse suppression and SiO, or SiN for
surface protection. Also, the interlayer insulating film, with-
out being limited to polyimide, may be formed by using such
insulating materials as SiO, film manufactured by p-CVD
(plasma CVD), SOG (Spin On Glass) or BPSG (Boron-Phos-
phorus-Silicate-Glass).

The source electrode 11 and the drain electrode 12 are
formed from a TiAl material, for example, Ti/Al/TiN formed
by stacking layers of Ti, Al and TiN sequentially on the GaN
layer 201.

An oxygen concentration distribution of the GaN layer 201
in the depthwise direction from interfaces S1, S2 between the
source electrode 11 as well as the drain electrode 12 and the
GaN layer 201 toward the substrate 10 side has a first oxygen
concentration peak at a position in vicinity of the interfaces
S1, S2, where the oxygen concentration of the first oxygen
concentration peak is within a range of

1.1x10"® cm™ t0 6.8x10"® cm ™.

It is noted that the term “vicinity of the interfaces S1, S2”
refers to a range within about 33 nm toward the deeper side
from the interfaces S1, S2.

The GaN layer 201 has a second oxygen concentration
peak at a position deeper than the position of the first oxygen
concentration peak in vicinity of the interfaces S1, S2. The
oxygen concentration of the second oxygen concentration
peak is a value which is about one-order smaller than the
oxygen concentration of the first oxygen concentration peak
as an example.

Also, the oxygen concentration distribution of the GaN
layer 201 in the depthwise direction from the interfaces S1,
S2 between the source electrode 11 as well as the drain
electrode 12 and the GaN layer 201 toward the substrate 10
side has a first chlorine concentration peak at a position in
vicinity (in a range of about 33 nm toward the deeper side
from the interfaces S1, S2) of the interfaces S1, S2, where the
chlorine concentration of the first chlorine concentration peak
is within a range of

5.0x10'% cm™ t0 9.6x10'7 cm™>.

The GaN layer 201 has a second chlorine concentration
peak at a position deeper than the position of the first chlorine
concentration peak in vicinity of the interfaces S1, S2. The
chlorine concentration of the second chlorine concentration
peak is a value lower than the chlorine concentration of the
first chlorine concentration peak.

In the nitride semiconductor device constituted as
described above, a channel is formed in the two-dimensional
electron gas layer (2DEG layer) 203 generated in vicinity of
the interface between the GaN layer 201 and the AlGaN layer
202, and this channel is controlled by applying a voltage to the
gate electrode 13 so that the HFET having the source elec-
trode 11, the drain electrode 12 and the gate electrode 13 is
turned on and off. While a negative voltage is applied to the
gateelectrode 13, a depletion layer is formed in the GaN layer
201 under the gate electrode 13 so that the HFET is turned off.
On the other hand, while the voltage of the gate electrode 13
is zero volts, no depletion layer is present in the GaN layer
201 under the gate electrode 13 so thatthe HFET is turned on,
hence the HFET being a normally-ON type transistor.

According to the HFET as the nitride semiconductor
device of this second embodiment, in the substrate 10-side

25

35

40

45

55

14

region from the interfaces S1, S2 between the source elec-
trode 11 and the drain electrode 12, which are formed from a
TiAl material, and the GaN layer 201, the oxygen concentra-
tion of the first oxygen concentration peak in vicinity of the
interfaces S1, S2 is within the range of 1.1x10™® cm™ to
6.8x10"® cm™, and moreover the chlorine concentration of
the first chlorine concentration peak in vicinity of the inter-
faces S1, S2 is within the range of 5.0x10'® cm™ to 9.6x10"7
cm~>. Therefore, the contact resistance between the GaN
layer 201 and the source electrode 11 as well as the drain
electrode 12 can be reduced to a large extent.

Next, a manufacturing method for the nitride semiconduc-
tor device will be described with reference to FIGS. 12 to 15.
InFIGS. 12 to 15, for an easier seeing of the drawings, neither
the Si substrate nor the undoped AlGaN buffer layer is shown
while the source electrode and the drain electrode are changed
in size or distance.

First, as shown in FIG. 12, an undoped AlGaN buffer layer
(not shown), an undoped GaN layer 301 and an undoped
AlGaN layer 302 are formed sequentially on a Si substrate
(not shown) by using MOCVD (Metal Organic Chemical
Vapor Deposition) process. The undoped GaN layer 301 has
a thickness of 1 um as an example, and the undoped AlGaN
layer 302 has a thickness of 30 nm as an example. These GaN
layer 301 and AlGaN layer 302 constitute a nitride semicon-
ductor multilayer body 320.

Next, on the AlGaN layer 302, an insulating film 130 (e.g.,
Si0,) is grown to a thickness of 200 nm by plasma CVD
(Chemical Vapor Deposition) process as an example. In FIG.
12, reference sign 303 denotes a two-dimensional electron
gas layer (2DEG layer) formed in vicinity of the heterointer-
face between the GaN layer 301 and the AlGaN layer 302.

Next, photoresist (not shown) is applied onto the insulating
film 130, followed by patterning process. Thereafter, as
shown in FIG. 13, portions where the ohmic electrode is to be
formed are removed by dry etching so that recesses 106, 109
are formed in upper portion of the GaN layer 301 so as to
extend through the AlGaN layer 302 and be deeper than the
2DEG layer 303. For this dry etching, a chlorine-based gas is
used. The recesses 106, 109 may be set to a depth equal to or
larger than the depth from the surface of the AlGaN layer 302
to the 2DEG layer 303, being set to, for example, 50 nm.

Also in this second embodiment, the self-bias voltage Vdc
of the RIE (Reactive lon Etching) device is set to within a
range of 180 V to 240V in the dry etching.

Next, after peeling of the resist, annealing for reducing
etching damage due to the dry etching is performed (at, for
example, 50010 850° C.). Then, O, plasma processing, clean-
ing by HCV/H,O,, and cleaning by BHF (Buffered Hydrot-
luoric acid) or 1% HF (Hydrofluoric acid) are performed in
sequence.

Next, as shown in FIG. 14, on the insulating film 130 and in
the recesses 106, 109, Ti, Al, TiN layers are stacked sequen-
tially by sputtering to make up a multilayer of Ti/AI/TiN so
that a multilayer metal film 107 to serve as the ohmic elec-
trode is formed. In this case, the TiN layer is a cap layer for
protecting the Ti/Al layers from subsequent steps.

In the formation of the multilayer metal film 107 by sput-
tering, a small quantity (e.g., 5 sccm) of oxygen flow is given
into the chamber during deposition of Ti. In this case, the flow
rate of the oxygen is set such that no oxide of Ti is generated.
In addition, instead of giving a small quantity of oxygen flow
into the chamber during deposition of Ti, for example, 50
sccm of oxygen flow may be given into the chamber for 5
minutes before the deposition of Ti.
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In the above sputtering, both Ti and Al may be sputtered
concurrently. Also, instead of sputtering, the Ti and Al may be
vapor deposited.

Next, as shown in FIG. 15, patterns of ohmic electrodes
111, 112 are formed by using normal photolithography and
dry etching.

Then, the substrate with the ohmic electrodes 111, 112
formed thereon is annealed at temperatures of e.g. 400° C. to
500° C. for 10 minutes or more, by which ohmic contacts can
be obtained between the two-dimensional electron gas layer
(2DEG layer) 303 and the ohmic electrodes 111, 112. In this
case, the contact resistance can be reduced to a large extent, as
compared with cases where the annealing is done at high
temperatures over 500° C. Also, performing the annealing at
lower temperatures within the range of 400° C. to 500° C.
makes it possible to suppress diffusion of the electrode metal
into the insulating film 130, so that characteristics of the
insulating film 130 are never adversely affected. Also, the
lower-temperature annealing makes it possible to prevent
deterioration of current collapse and characteristic variations
due to denitrification from the GaN layer 301. It is noted that
the term ‘current collapse’ refers to a phenomenon that on-
resistance of a transistor in high-voltage operation becomes
higher relative to on-resistance of the transistor in low-volt-
age operation.

The ohmic electrodes 111, 112 become the source elec-
trode 11 and the drain electrode 12, and a gate electrode made
from TiN or WN or the like is formed between the ohmic
electrodes 111, 112 in subsequent process.

According to the manufacturing method for the nitride
semiconductor device of the second embodiment, as shownin
FIG. 16, in the oxygen concentration distribution in the depth-
wise direction over the range from the source electrode 11 and
the drain electrode 12 as the ohmic electrodes to the GaN
layer 201, a first oxygen concentration peak P1 is formed at a
position in vicinity of the interfaces S1, S2 in the undoped
GaN layer 201-side region from the interfaces S1, S2 (in FIG.
16, only S1 is shown but S2 is of the same depth as S1)
between the source electrode 11 as well as the drain electrode
12 and the GaN layer 201. Also, a second oxygen concentra-
tion peak P2 is formed at a position deeper than the first
oxygen concentration peak P1. In addition, the term “vicinity
of the interfaces S1, S2.” as described later with reference to
FIG. 17, refers to, for example, a range of about 33 nm toward
the deeper side from the interfaces S1, S2. As can be under-
stood from FIG. 16, the second oxygen concentration peak P2
is positioned deeper than the vicinity of the interfaces.

Also, by the above-described manufacturing method, the
oxygen concentration of the first oxygen concentration peak
can be set to within a range of, for example, 1.1x10'® cm™ to
6.8x10'® cm™>. The oxygen concentration of the first oxygen
concentration peak is higher than the oxygen concentration of
the second oxygen concentration peak.

FIG. 16 is a graph showing an example of the oxygen
concentration distribution in the depthwise direction over a
range from the source electrode 11 side to the GaN layer 201
side across the interface S1 between the source electrode 11
and the undoped GaN layer 201. In FIG. 16, 1.E+00,
1.E+01, . .., 1.LE+06 in the vertical-axis scale represent 1.0,
1.0x10, . . ., 1.0x105, respectively. This graph represents
measurement results by SIMS (Secondary Ion Mass Spec-
trometry) with use of TEG (Test Element Group), where the
horizontal axis represents depth (nm) and the vertical axis
represents relative secondary ion intensity (counts). As
shown in FIG. 16, a convex-shaped oxygen concentration
distribution is formed at the S1 position. As an example, the
first oxygen concentration peak P1 is positioned at an inter-
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face-vicinal depth of about 8 nm from the interface S1 toward
the GaN layer 201 side, and the second oxygen concentration
peak P2 is positioned at a depth of about 108 nm from the
interface S1 toward the GaN layer 201 side. In the example of
FIG. 16, the oxygen concentration of the first oxygen concen-
tration peak P1 is 2.6x10'® cm™ and the oxygen concentra-
tion of the second oxygen concentration peak P2 is 6.4x10%7
cm

In addition, the interface S1 corresponds to a peak position
of the relative secondary ion intensity (counts) of carbon C.
Also, an oxygen concentration distribution in the depthwise
direction over a range from the drain electrode 12 side to the
GaN layer 201 side of the interface S2 between the drain
electrode 12 and the undoped GaN layer 201 was the same as
in the graph of FIG. 16.

FIG. 17 is a graph showing an oxygen concentration dis-
tribution as well as Al, Ti and Ga concentration distributions
in the depthwise direction over a range from the source elec-
trode side to the GaN layer 201 side across the interface S1
between the source electrode 11 and the undoped GaN layer
201. InFIG. 17, 1.E+00, 1.E+01, .. ., 1.E+07 in the vertical-
axis scale represent 1.0, 1.0x10, . . ., 1.0x107, respectively.
This graph as in FIG. 16 represents measurement results by
SIMS (Secondary Inn Mass Spectrometry) with use of TEG
(Test Element Group), where the horizontal axis represents
depth (nm) and the vertical axis represents relative secondary
ion intensity (counts). The interface S1 corresponds to a peak
position of the relative secondary ion intensity (counts) of
carbon C. Inthe graph of FIG. 17, as an example, an interface-
vicinal region R1 is a region ranging from a depth of about
378 nm to a depth of about 438 nm, where the interface-
vicinal region R1 corresponds to a range extending to about
27 nm toward the shallower side from the interface S1 and
also extending to about 33 nm toward the deeper side from the
interface S1.

In addition, concentration distributions of Al, Ti and Gas in
the depthwise direction over a range from the drain electrode
12 side to the GaN layer 201 side of the interface S2 between
the drain electrode 12 and the undoped GaN layer 201 were
the same as in the graph of FIG. 17.

Also, according to the above-described manufacturing
method for the nitride semiconductor device of the second
embodiment, in the chlorine concentration distribution in the
depthwise direction over the range from the source electrode
11 and the drain electrode 12 as the ohmic electrodes to the
GaN layer 201, a first chlorine concentration peak P10 is
formed at a position in vicinity of the interfaces S1, S2 in the
undoped GaN layer 201-side region from the interfaces S1,
S2 between the source electrode 11 as well as the drain
electrode 12 and the undoped GaN layer 201. Also, a second
chlorine concentration peak P20 is formed at a position
deeper than the first chlorine concentration peak P10. In
addition, the term “vicinity of the interfaces S1, S2.” as
described before with reference to FIG. 17, refers to, for
example, a range of about 33 nm toward the deeper side from
the interfaces S1, S2. As can be understood from FIG. 18, the
second chlorine concentration peak P20 is positioned deeper
than the vicinity of the interfaces.

Also, the chlorine concentration of the first chlorine con-
centration peak P10 is within a range of, for example, 5.0x
10'® cm™ to 9.6x10'7 cm™>. The chlorine concentration of
this first chlorine concentration peak P10 is higher than the
chlorine concentration of the second chlorine concentration
peak P20.

FIG. 18 is a graph showing an example of the chlorine
concentration distribution in the depthwise direction over a
range from the source electrode 11 to the undoped GaN layer
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201. In FIG. 18, 1.E+01, 1.E+02, . . ., 1.5+04 in the vertical-
axis scale represent 1.0x10, 1.0x10%, . . ., 1.0x10%, respec-

tively. This graph represents measurement results by SIMS
(Secondary Ion Mass Spectrometry) with use of TEG (Test
Element Group), where the horizontal axis represents depth
(nm) and the vertical axis represents relative secondary ion
intensity (counts). As shown in FIG. 18, a convex-shaped
chlorine concentration distribution is formed at the S1 posi-
tion. As an example, the first chlorine concentration peak P10
is positioned at an interface-vicinal depth of about 10 nm
from the interface S1 toward the GaN layer 201 side, and the
second chlorine concentration peak P20 is positioned at a
depth of about 95 nm from the interface S1 toward the GaN
layer 201 side. In the example shown in FIG. 18, the chlorine
concentration of the first chlorine concentration peak P10 was
1.6x10'7 cm™ and the chlorine concentration of the second
chlorine concentration peak P20 was 8.4x10' cm™>.

In addition, a chlorine concentration distribution in the
depthwise direction over a range from the drain electrode 12
side to the GaN layer 201 side across the interface S2 between
the drain electrode 12 and the undoped GaN layer 201 was the
same as in the graph of FIG. 18.

Next, FIG. 19 shows a relationship between the oxygen
concentration (cm™>) of the first oxygen concentration peak
P1 and the contact resistance (€2mm) between the 2DEG layer
203 of'the nitride semiconductor multilayer body 220 and the
source electrode 11 as well as the drain electrode 12. In FIG.
19, E+17, E+18, E+19, E+20 in the horizontal-axis scale
represent x10'7, x10'8, x10°, x10%°, respectively. In FIG.
19, numerical values described beside individual plots of
rhombus mark (4) represent contact resistances (Q2mm) for
the individual plots.

As can be understood from FIG. 19, setting the oxygen
concentration (cm™>) of the first oxygen concentration peak
P1 to within the range of 1.1x10'® cm™ to 6.8x10'® cm™
makes it possible to reduce the contact resistance remarkably
as compared with cases where the oxygen concentration of
the first oxygen concentration peak P1 is out of the above-
mentioned range. As can be understood from FIG. 19, oxygen
concentrations 1.1x10"® cm~ and 6.8x10"® cm~ of the first
oxygen concentration peak P1 have a critical significance that
the contact resistance abruptly changes to extents as large as
20- to 30-fold multiples across borderlines of those values.

In FIG. 19, the samples of individual plots are such that the
chlorine concentration of the first chloride concentration peak
is within a range of 5.0x10' (cm™) to 9.6x10'7 (cm™).

Next, FIG. 20 shows a relationship between the chlorine
concentration (cm™) of the first chlorine concentration peak
P10 and the contact resistance (Qmm) between the 2DEG
layer 203 of the nitride semiconductor multilayer body 220
and the source electrode 11, the drain electrode 12. In FIG. 20,
E+16, E+17, E+18, E+19 in the horizontal-axis scale repre-
sent x10'°, x10/, x10'%, x10'°, respectively. In FIG. 20,
numerical values described beside individual plots of rhom-
bus mark (#) represent contact resistances (Q2mm) for the
individual plots.

As can be understood from FIG. 20, setting the chlorine
concentration (cm™) of the first chlorine concentration peak
P10 to within the range of 5.0x10'® cm™ to 9.6x10'7 cm™
makes it possible to reduce the contact resistance remarkably
as compared with cases where the chlorine concentration of
the first chlorine concentration peak P10 is out of the above-
mentioned range. As can be understood from FIG. 20, chlo-
rine concentrations 5.0x10'® cm™ and 9.6x10"7 cm™ of the
first chlorine concentration peak P10 have a critical signifi-
cance that the contact resistance abruptly decreases to extents
as large as 10- to 50-fold multiples on borders of those values.
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In FIG. 20, the samples of individual plots are such that the
oxygen concentration of the first oxygen concentration peak
is within a range of 1.1x10'® (cm™) to 6.8x10'® (cm™>).

Next, FIG. 21 shows a relationship among the oxygen
concentration (cm™) of the first oxygen concentration peak
P1 as well as the first chlorine concentration peak P10 and the
contact resistance (€2mm). In FIG. 21, the vertical axis rep-
resents oxygen concentration (cm ™) of the first oxygen con-
centration peak P1, the horizontal axis represents chlorine
concentration (cm~>) of the first chlorine concentration peak
P10, and numerical values described beside individual plots
of thombus mark () represent contact resistances (Q2mm)
for the individual plots. In FIG. 21, E+16, E+17, E+18, E+19
in the horizontal-axis scale represent x10"%, x10'7, x10'®,
x10"°, respectively while E+17, E+18, E+19, E+20 in the
vertical-axis scale represent x10'7, x10'%, x10'°, x10%°,
respectively.

As can be understood from FIG. 21, since the oxygen
concentration of the first oxygen concentration peak P1 is
within the range of 1.1x10"® cm™ to 6.8x10'® cm™ and the
chlorine concentration of the first chlorine concentration peak
P10 is within the range of 5.0x10"® cm™ to 9.6x10'7 cm™,
the contact resistance can be reduced remarkably as com-
pared with cases where the oxygen concentration of the first
oxygen concentration peak P1 is out of the above-mentioned
range or where the chlorine concentration of the first chlorine
concentration peak P10 is out of the above-mentioned range.
As can be understood from FIG. 21, with satisfaction of the
conditions that the oxygen concentration of the first oxygen
concentration peak P1 is within the range of 1.1x10*® cm™ to
6.8x10'® cm™ and that the chlorine concentration of the first
chlorine concentration peak P10 is within the range of 5.0x
10 cm™ to 9.6x10'7 cm™3, the contact resistance abruptly
decreases to extents as large as 10- to 50-fold multiples on the
border of those oxygen concentrations 1.1x10"® cm™ and
6.8x10'® cm™ and chlorine concentrations 5.0x10'® ¢cm™>
and 9.6x10'7 cm™>, as compared with cases where the above
conditions are not satisfied. Thus, those oxygen concentra-
tions 1.1x10"® cm™ and 6.8x10"® cm™ and chlorine concen-
trations 5.0x10'® cm™ and 9.6x10'” cm™>, which provide the
above conditions, are of remarkable, critical significance.

In the above second embodiment, as an example, by the
setting of the oxygen concentration of the first oxygen con-
centration peak being 2.6x10'® cm™ and the chlorine con-
centration of the first chlorine concentration peak being 1.6x
107 cm™, the contact resistance between the ohmic
electrodes (source electrode 11, drain electrode 12) and the
GaN layer 201 was able to be set to 1.1 Qmm.

In contrast to this, with the oxygen concentration of the first
oxygen concentration peak being below 1.1x10"® cm™>, the
contact resistance abruptly increases to 70 Qmm. This could
be attributed to insufficient activation of oxygen, which is a
reaction on the GaN layer 201 side necessary for ohmic
contact formation. On the other hand, with the oxygen con-
centration of the first oxygen concentration peak higher than
6.8x10'® cm™, the contact resistance abruptly increases to
100 Qmm. This could be attributed to the reason that with an
excessively high oxygen concentration of the first oxygen
concentration peak P1, even though the chlorine concentra-
tion is low, excess oxygen reacts with Ti so as to block enough
fulfillment of the N pulling-out reaction from GaN by Ti,
which is a reaction on the GaN layer 201 side necessary for
ohmic contact formation.

Also, there is a plot that the contact resistance abruptly
increased to 50 Qmm with the chlorine concentration of the
first chlorine concentration peak P10 higher than 9.6x10'7
cm™. This could be attributed to the reason that with an
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excessively high chlorine concentration of the second chlo-
rine concentration peak P20, even though the oxygen concen-
tration is within a specified range (1.1x10"® cm™ to 6.8x10*®
cm™>), excess chlorine reacts with Ga or Ti so as to inhibit the
N pulling-out reaction from GaN by Ti as well as the activa-
tion of oxygen, which are reactions on the GaN layer 201 side
necessary for ohmic contact formation.

According to this second embodiment, the oxygen concen-
tration of the first oxygen concentration peak P1 is within the
range of 1.1x10'® cm™ to 6.8x10"® cm™>, and the chlorine
concentration of the first chlorine concentration peak P10 is
within the range of 5.0x10'% cm™ to 9.6x10'” cm™. As a
result of this, it can be considered that the activation of oxy-
gen and the N pulling-out reaction from GaN on the GaN
layer 201 side necessary for ohmic contact formation can be
accelerated so that ohmic contacts of remarkably low resis-
tance can be formed, as compared with cases where the oxy-
gen concentration of the first oxygen concentration peak P1 is
out of the above-mentioned range or where the chlorine con-
centration of the first chlorine concentration peak P10 is out
of the above-mentioned range.

In addition, according to the manufacturing method for the
nitride semiconductor device of the second embodiment, the
recesses 106, 109 are formed by removing the insulating film
130, the AlGaN layer 302 and the GaN layer 301 by dry
etching. Alternatively, the recesses 106, 109 may also be
formed by removing the insulating film 130 by wet etching
and thereafter removing the AlGaN layer 302 and the GaN
layer 301 by dry etching.

Also, according to the manufacturing method for the
nitride semiconductor device of the second embodiment, lay-
ers of Ti/AVTIN are stacked to provide ohmic electrodes.
However, without being limited to this, TiN may be omitted,
and after layers of Ti/Al are stacked, layers of Au, Ag, Ptor the
like may be stacked thereon.

Also, the second embodiment has been described on a
nitride semiconductor device using a Si substrate. However,
without being limited to the Si substrate, it is also allowable to
use a sapphire substrate or SiC substrate, where nitride semi-
conductor layers may be grown on the sapphire substrate or
SiC substrate, or a nitride semiconductor layer may be grown
on a substrate formed from a nitride semiconductor such as
growing an AlGaN layer on a GaN substrate. Furthermore, a
buffer layer may be formed between the substrate and the
nitride semiconductor layer, or a hetero-improvement layer
may be formed between the first nitride semiconductor layer
and the second nitride semiconductor layer of the nitride
semiconductor multilayer body.

Also, the second embodiment has been described on an
HFET of a recess structure that the ohmic electrode reaches
the GaN layer. However, the invention may also be applied to
HFETs in which ohmic electrodes serving as a source elec-
trode and a drain electrode are formed on an undoped AlGaN
layer without forming any recess. Further, the nitride semi-
conductor device of the invention is not limited to HFETs
using 2DEG and may be applied also to field effect transistors
of other structures, in which case also similar effects can be
obtained.

The second embodiment has been described on an HFET
of the normally-ON type. Instead, the invention may also be
applied to nitride semiconductor devices of the normally-
OFF type. Further, without being limited to Schottky elec-
trodes, the invention may also be applied to field effect tran-
sistors of the insulated-gate structure. Further, without being
limited to field effect transistors, the invention may also be
applied to ohmic electrodes of the Schottky diode.
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The nitride semiconductor for the nitride semiconductor
device of this invention needs only to be those expressed by
AllInGa, , N (x20, y=0, Osx+y=<1).

Although specific embodiments of the present invention
have been described hereinabove, yet the invention is not
limited to the above embodiments and may be carried out as
they are changed and modified in various ways within the
scope of the invention.

REFERENCE SIGNS LIST

1, 101, 201, 301 GaN layer

2,102, 202, 302 AlGaN layer

3,103, 203, 303 2DEG layer

10 Si substrate

11 source electrode

12 drain electrode

13 gate electrode

15 AlGaN buffer layer

20, 120, 220, 320 nitride semiconductor multilayer body
30, 130 insulating film

40 interlayer insulating film

41 via hole

42 drain electrode pad

106, 109 recess

111, 112 ohmic electrode

P1 first oxygen concentration peak

P2 second oxygen concentration peak

P10, P11 first chlorine concentration peak
P20, P22 second chloride concentration peak
S1, S2 interface

The invention claimed is:

1. A nitride semiconductor device comprising:

a substrate;

a nitride semiconductor multilayer body formed on the
substrate and having a heterointerface; and

ohmic electrodes which are made from a TiAl material and
at least part of which are formed on the nitride semicon-
ductor multilayer body or in the nitride semiconductor
multilayer body, wherein

the nitride semiconductor multilayer body includes:

a first nitride semiconductor layer formed on the substrate;
and

a second nitride semiconductor layer formed on the first
nitride semiconductor layer to make up a heterointerface
in combination with the first nitride semiconductor
layer, and wherein

a chlorine concentration distribution in a depthwise direc-
tion over a range from the ohmic electrodes formed from
the TiAl material to the nitride semiconductor multilayer
body has:

a first chloride concentration peak at a position in vicinity
of an interface between the ohmic electrodes and the
nitride semiconductor multilayer body and in a substrate
side region from the interface; and

a second chlorine concentration peak at a position deeper
than the first chloride concentration peak, and wherein

the chlorine concentration of the second chlorine concen-
tration peak is

within a range of 3x10'° cm™ to 1.3x10'7 cm™>.

2. The nitride semiconductor device as claimed in claim 1,

wherein

the position of the second chlorine concentration peak is at
a depth within a range of 60 nm to 100 nm from the
interface.
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3. The nitride semiconductor device as claimed in claim 2,
wherein

the nitride semiconductor multilayer body includes

recesses which extend through the second nitride semicon-
ductor layer and reach a two-dimensional electron gas
layer in vicinity of the heterointerface, and wherein

at least part of the ohmic electrodes are buried in the
recesses.

4. The nitride semiconductor device as claimed in claim 1,

wherein

the nitride semiconductor multilayer body includes

recesses which extend through the second nitride semicon-
ductor layer and reach a two-dimensional electron gas
layer in vicinity of the heterointerface, and wherein

at least part of the ohmic electrodes are buried in the
recesses.

5. A nitride semiconductor device comprising:

a substrate;

a nitride semiconductor multilayer body formed on the
substrate and having a heterointerface; and

ohmic electrodes which are made from a TiAl material and
at least part of which are formed in the nitride semicon-
ductor multilayer body, wherein

the nitride semiconductor multilayer body includes:

afirst nitride semiconductor layer formed on the substrate;
and

a second nitride semiconductor layer formed on the first
nitride semiconductor layer to make up a heterointerface
in combination with the first nitride semiconductor
layer, and wherein
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an oxygen concentration distribution in a depthwise direc-
tion over a range from the ohmic electrodes formed from
the TiAl material to the nitride semiconductor multilayer
body has

an oxygen concentration peak at a position in vicinity of an
interface between the ohmic electrodes and the nitride
semiconductor multilayer body and in a substrate side
region from the interface, where

the oxygen concentration of the oxygen concentration peak
is

within a range of 1.1x10"® cm™ to 6.8x10'® cm™, and
wherein

a chlorine concentration distribution in a depthwise direc-
tion over a range from the ohmic electrodes formed from
the TiAl material to the nitride semiconductor multilayer
body has

a chlorine concentration peak at a position in vicinity ofthe
interface between the ohmic electrodes and the nitride
semiconductor multilayer body and in a substrate side
region from the interface, where

the chlorine concentration of the chlorine concentration
peak is

within a range of 5.0x10"® cm™ to 9.6x10'7 cm™>.

6. The nitride semiconductor device as claimed in claim 5,

wherein

the nitride semiconductor multilayer body includes

recesses which extend through the second nitride semicon-
ductor layer and reach a two-dimensional electron gas
layer in vicinity of the heterointerface, and wherein

at least part of the ohmic electrodes are buried in the
recesses.



